Introduction
[2] The dayglow is fluorescence of the sunlit part of Earth's upper atmosphere and thus contains information about the composition of the thermosphere and the ionosphere. As the dayglow is predominantly in the far-ultraviolet (FUV) spectra, monitoring temporal and spatial variations of the FUV dayglow could allow us to remotely diagnose thermospheric composition changes. In the thermosphere atomic oxygen and molecular nitrogen are two of the most abundant species. Therefore the behavior of the thermosphere can well be characterized by the two species. During geomagnetic quiet periods, day-to-day variations of the thermosphere are directly controlled by solar radiations and can be modeled [e.g., Hedin et al., 1977; Hedin, 1983 Hedin, , 1987 Picone et al., 2002] . On the other hand, during geomagnetically active periods, the thermosphere deviates significantly from its quiet time structure due to additional forcing from high-latitude ionospheric heating.
[3] Observations from DE-1 imager [Frank et al., 1982 ] revealed large-scale depression of the FUV dayglow at middle latitudes during geomagnetic storm times [e.g., Craven et al., 1994; Nicholas et al., 1997] . Nicholas et al. [1997] studied the spatial extent of the DE-1 dayglow intensity perturbations in 13 storms and found that the depression can extend well beyond the auroral oval, with the largest decrease occurring just equatorward of the oval. The large decrease in FUV dayglow was attributed to enhanced heating of the auroral atmosphere, which reduces the thermospheric column density of atomic oxygen (O) relative to that of molecular nitrogen (N 2 ) [Craven et al., 1994] . During geomagnetically active periods, enhanced energy deposition from the magnetosphere in the forms of particle and Joule heating causes rapid expansion of the neutral atmosphere in the auroral zone. The rapid air expansion can cause upwelling of the molecular rich air through the pressure surface and results in increases in the mean molecular mass of the thermosphere [Rishbeth et al., 1987] . In situ measurements from the European Space Research Organization (ESRO) 4 satellite showed that a heating-induced compositional disturbance zone is indeed characterized by an increase in the heavier gases (Ar, O 2 , and N 2 ) and a decrease in the lighter gases (O and He) [Prölss, 1992; Zuzic et al., 1997] .
[4] While the development of compositional disturbances (or ''composition bulges,'' named by Prölss [1980] ) is controlled directly by the storm forcing, it is generally believed that global thermospheric winds can play an important role in transporting the composition bulges out of the heated auroral zone. Results from general circulation models indicate that superposition of the storm-induced equatorward wind with the global neutral wind circulation, diurnal wind, and ion drag associated with ionospheric plasma convection produces complex local time and seasonal effects [e.g., Fuller-Rowell et al., 1997, and references therein] . On the dayside the equatorward wind is in the opposite direction to the day-to-night diurnal wind and the ion drag, while on the nightside it is in the same direction. Therefore it is expected that the equatorward expansion/ transportation of the composition bulge is more significant on the night, especially in the postmidnight sector [Zuzic et al., 1997] . Prölss [1993] proposed that the depression of the midlatitude dayglow seen in DE-1 images is a consequence of corotation (with the Earth), which moves the composition bulges to dayside from nightside. The dawn-dusk appearance of large-scale decreases of O I column density may be controlled by the y-component of the interplanetary magnetic field (IMF) [Immel et al., 1997] .
[5] Depression of FUV dayglow in response to geomagnetic storms is considered a major cause of the decrease of the ionospheric F2-layer peak plasma density (N m F2) during storm times (i.e., the so-called ''negative ionospheric storm,'' or simply ''negative storm''). Highly depressed maximum electron density of the F2 layer has been observed at ground ionosonde sites when they are located inside the region of decreasing O and increasing N 2 density at $290 km [Prölss, 1991; Prölss and Craven, 1998 ]. Numerous experimental and theoretical investigations have also suggested that ionospheric storms are greatly influenced by changes in thermospheric composition and global neutral winds [e.g., Fuller-Rowell et al., 1997; Prölss, 1997, and references therein] . The ionospheric plasma density is controlled mainly by the balance between production and loss processes in addition to transport and diffusion effects. On dayside the ionospheric F layer consists primarily of atomic oxygen ions. The major production comes from impact ionization of atomic oxygen by photoelectrons, whereas the major loss comes from chemical reactions with the ambient nitrogen and oxygen molecules [Rishbeth and Garriot, 1969] . Thus a decrease in the O content results in a decrease in the production rate, whereas an increase in the N 2 content results in an increase in the loss rate. Alternately, the ratio of O to N 2 has been used as a convenient indicator of the degree of a thermospheric disturbance.
[6] Using the first principles-based Atmospheric Ultraviolet Radiance Integrated Code (AURIC), Strickland et al. [2001b] and Strickland et al. [2001a] have been able to quantify DE-1 FUV dayglow disturbances in terms of O to N 2 column density ratio ([O/N 2 ]) referenced to an N 2 depth of 10 17 cm
À2
. They also found a region of large-scale decreases in [O/N 2 ], within which N m F2 showed a significant decrease. More recently, using data from the SI-13 imager aboard the IMAGE satellite, Zhang et al. [2003] studied O I 1356-Å dayglow in two storms and found a coherent picture of dayglow depletions similar to those reported previously. By examining Millstone radar, ionosonde, and the Defense Meteorological Satellites Program (DMSP) satellite plasma data, they showed that the electron density depletion can extend to the DMSP altitude of 840 km.
[7] While many observations and numerical modeling have shown a good correlation between the thermospheric and ionospheric disturbances during storm times, the effect of neutral composition changes on ionospheric storms has never been directly verified on a large scale and in both hemispheres. In addition, since both images from DE-1 and IMAGE S13 respond mainly to O I emissions, interpretation of these images in terms of [O/N 2 ] has relied on first principles modeling. In this study we will use multispectral images acquired from the Polar ultraviolet imager (UVI) [Torr et al., 1995] to provide direct measurements of [O/N 2 ] in connection with the ionospheric storm effects observed during the 17-24 April 2002 magnetic storms. Furthermore, we will use global total electron content (TEC) to provide an observational check on a larger scale than previous studies using sporadic in situ measurements from ionosonde.
Observations

General Solar and Geomagnetic Conditions
[8] The 17-24 April 2002 magnetic storm events are associated with two magnetic clouds driven by halo coronal mass ejections. Figure 1 shows, from top to bottom, the solar wind dynamic pressure from the Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM) [McComas et al., 1998 ], the interplanetary magnetic field y-and z-components in geocentric solar magnetospheric (GSM) coordinates from the magnetic field experiment (MAG) [Smith et al., 1998 ] on board the Advanced Composition Explorer (ACE) satellite, and the asymmetric and symmetric parts of the geomagnetic disturbances in the H component (Asy-H and Sym-H) at middle latitudes [Iyemori, 1990] . Three interplanetary shocks were observed by ACE at 1021 UT on 17 April, 0802 UT on 19 April, and 0415 UT on 23 April (see dashed lines in Figure 1a) . Each of these shocks produced a storm sudden commencement (SSC) upon arrival at the Earth's magnetosphere.
[9] The Asy-H index is generally well correlated with the auroral electrojet AE index [e.g., Crooker, 1972; Clauer and McPherron, 1980] and can be used as an AE proxy, whereas the Sym-H index is essentially a D st proxy with a 1-min time resolution.
[10] During this time period, two large magnetic storms and one small storm occurred. The first storm was initiated by an SSC at $1107 UT on 17 April 2002, in response to the impact of an interplanetary shock on the magnetospheric front. Note that the interplanetary shock led the SSC by 46 min because the solar wind and IMF data are not time shifted. The SSC was followed closely by the main phase of a geomagnetic storm. The occurrence of the storm main phase was clearly associated with a large, fluctuating IMF B z component in the magnetic cloud sheath (Figure 1c) . The smooth magnetic cloud field with a negative IMF B z component arrived on 18 April and intensified the storm main phase, with D st $ À150 nT at $0700 UT. About 1 day later, another interplanetary shock associated with the second magnetic cloud hit the Earth at $0835 UT (SSC) before the first storm fully recovered and induced a second storm with D st $ À180 nT. The occurrence and develop-ment of the second storm main phase was associated with a large, fluctuating IMF in the magnetic cloud sheath. A solar X ray of X-1 class was detected by the GOES-8 at the beginning of 21 April. This X-ray event was accompanied by enhanced solar extreme ultraviolet (EUV) flux observed by SOHO/SEM (not shown). A third storm occurred on 23 April (SSC $0448 UT). The solar flare induced anomalous FUV enhancements and will not be discussed here. We will focus on the first two storms up to the time of the occurrence of the solar flare.
Polar UVI Observations
[11] Earth disk FUV dayglow images acquired from the Polar ultraviolet imager (UVI) [Torr et al., 1995] were analyzed to derive neutral particle content. UVI is a snapshot, charge-coupled device (CCD) camera aboard NASA's Polar satellite. The Polar UVI acquires auroral images in four narrow wavelength bands ($200 Å ): two atomic oxygen lines centered at 1304 and 1356 Å and two N 2 Lyman-Birge-Hopfield (LBH) emissions centered at $1500 and $1700 Å . These multiple filter capabilities allow one to extract not only the energy and energy flux of precipitating particles from auroral images [e.g., Strickland et al., 1989; Rees et al., 1988; Lummerzheim et al., 1991; Germany et al., 1994] but also thermospheric composition. With a circular field of view of 8°, the typical linear spatial resolution provided by the Polar UVI at an assumed 120-km emission height for images acquired at the apogee of $9 R E is about 30-40 km and 300 -400 km across and in the satellite wobble direction, respectively. The wobble LIOU ET AL.: NEGATIVE TEC STORMS direction is fixed along the y-axis of CCD plane. It is expected that the platform wobble will not significantly affect the present study because we are interested only in features larger than 400 km.
[12] To convert digital counts to physically meaningful units (i.e., Rayleigh), every UVI image is processed with background, flat-field, and line-of-sight corrections (see, e.g., Liou et al. [2001] for details). All images are resampled into regular geographic latitude-geographic local time bins of 1°Â 2°before taking the 1356 Å to LBH emission ratio.
[13] During this time period the Polar orbit had precessed to dayside low latitudes, where UVI can take large-scale Earth's disk images of dayglow at low and middle latitudes. During each dayside pass, UVI acquired about 4 hours' worth of filtered images while the despun platform changed from a south pole looking to a north pole looking direction. Figure 2 shows the spatial coverage of the LBHl image data for one dayside pass on 17 April 2002. The total number of images was 38, with each $6 min apart. A similar number of O I 1356 Å images with similar spatial coverage was acquired during the same pass and others for the entire study period. Note that we have ignored image pixels with large look angles (>$70 degrees); thus the actual UVI field of view can be larger than the ones shown, particularly at high latitudes. In general the UVI images cover $7 hours in local time from 0800 to 1500 solar local time (SLT) southward of 30°S and from 0500 to 1200 SLT northward of 30°N.
[14] Since the Polar UVI's field of view is relatively small, which makes a comparison with TEC on a global scale impossible, we have constructed composite images (one for each orbit) by integrating and averaging the entire set of UVI images for each dayside Polar pass. An example is given in Figure 3a for a quiet day pass on 14 April 2002, from 0851 to 1244 UT. The composite image is presented in Mercator projection of the Earth with geographic latitude along the y-axis and SLT on the x-axis. The composite image provides pole-to-pole coverage of $6 hours in local time, with a time uncertainty of $4 hours between poles and 2 hours between ±60°.
[15] The O I 1356 Å to N 2 LBH column emission ratio is converted to [O/N 2 ] using the semiempirical MSIS model of Hedin (NRLMSISE-00) [Picone et al., 2002] [Strickland et al., 1995] . Figure 3b shows the model result for the day of 14 April at 1100 UT. Comparing Figure 3a with 3b, there is a clear seasonal trend in both the 1356 Å to LBH emission ratio and the [O/N 2 ] ratio. The higher ratio in the Southern Hemisphere, excluding the high-latitude auroral regions, is probably caused by a summer-to-winter global thermospheric neutral wind (the subsolar point is about 10.5°in latitude northward of the geographic equator).
[16] Figure 3c shows . We notice that there is a small nonlinearity in the data. However, we did not find any obvious systematic dependence on geographic, solar zenith angles, look angles, and O/N 2 columnar heights. We therefore assume that there is a linear relationship between the 1356 Å to LBH emission ratio and [O/N 2 ], as suggested by the theory [Strickland et al., 1995] , and assume that the MSIS model is precise 
Ionospheric Storm Effects
[17] To study composition change effects on ionospheric storms, we use TEC derived from Global Positioning System (GPS) signals. The GPS consists of 24 satellites evenly distributed in six orbital planes around the globe at an altitude of $20,200 km. Each satellite transmits signals on two frequencies (f 1 = 1575.42 MHz and f 2 = 1227.60 MHz) with two different code measurements, P 1 (or C/A) and P 2 , and two different carrier phase measurements, L 1 and L 2 . The time delay imposed into the GPS signals, caused by the dispersive behavior of the ionosphere, is proportional to the total electron density traversed along the signal's ray path measured in TEC units (1 TECU = 10 16 m À2 ). The typical spatial coverage of a GPS receiver is $1100 km, assuming an elevation mask of 20°and a signal intersection height of 400 km along the GPS signals. Several versions of GPS-based global TEC maps are currently offered by the Center for Orbit Determination in Europe (CODE)/International GPS Service (IGS). In this study a version of (2-hour averaged) TEC provided by the Jet Propulsion Laboratory (JPL) is used. This version of TEC maps is produced routinely at JPL using data from up to 100 GPS sites of the IGS and other institutions. The vertical TEC (VTEC) is modeled in a solar-geomagnetic reference frame using bicubic splines on a spherical grid. A Kalman filter is used to solve simultaneously for instrumental biases and VTEC on the grid (see Pi et al. [1997] and Mannucci et al. [1998] for a detailed explanation). It is important to note that electrons in the plasmasphere also contribute to GPS-TEC. Results from numerical modeling suggest that the contribution from the plasmasphere amounts to $30% of nighttime TEC and $10% of daytime TEC [e.g., Klobuchar et al., 1994] . Since we will focus on the dayside ionosphere, the plasmaspheric contribution of GPS-TEC can be ignored. Therefore TEC can be used as a good proxy of column ionospheric plasma density and is well suited for the present study.
[18] The first and third rows of Figure (Figure 4e ). The VTEC did not reduce in correspondence with the [O/N 2 ] decrease at 0600-0800 SLT and 1000 -1200 SLT. These two isolated enhancements of TEC lasted for a few hours, indicating that a different mechanism from compositional effects was at work.
[20] At low latitudes, equatorward of the negative TEC storm, there were small, localized positive TEC storms not seen in the [O/N 2 ]. The lack of correlation between the positive TEC storm and [O/N 2 ] suggests that a mechanism other than compositional effects is responsible for the positive TEC storm.
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[21] It is important to note that small, ''transient'' variations in TEC occur frequently and can be found even during quiet times. For example, there was a small region of negative TEC changes at subauroral zone ($50°-70°MLAT) in the 1000-1400 local time sector on the prestorm quiet day (16 April). During 1600 -1800 UT the D st index was near zero and the AE index was $100 nT. Although the AE index reached $500 nT and lasted for several hours during the early time of the day, we doubt there is a relationship between the large geomagnetic activity and the negative TEC changes because of the long delay and the lack of association with compositional changes (see Figure 1a) . In addition, the depressions of TEC differed from the long-lived negative storms because they lasted for only a few hours. Sometimes we found small enhancements at high latitudes to be associated with auroras (e.g., Figure 4j) ; however, we do not know whether or not all small TEC variations are real. Because the TEC changes are referenced to their monthly averages, small deviations are expected even during geomagnetically quiet time and only those large variations are physically meaningful.
Discussion
Midlatitude Negative Storms
[22] There is little doubt that compositional changes are one of the causes of the ionospheric storm effects. Observations have shown a general good correlation between [O/N 2 ] and negative ionospheric storms [Prölss and Craven, 1998; Strickland et al., 2001b Strickland et al., , 2001a . Numerical simulation outputs from global first principles models such as the Thermosphere Ionosphere General Circulation Model (TIGCM) and the Coupled Thermosphere Ionosphere Model (CTIM) [Fuller-Rowell et al., 1996] have shown clear association of decreases in the mean molecular mass with increases in N m F2 during geomagnetic active periods. However, whether the compositional perturbation is fully responsible for the negative storm effects is still an open question. Some have suggested that perturbations in neutral gas composition are the main cause for negative ionospheric storms [e.g., Prölss, 1993; Mikhailov and Förster, 1997; Prölss and Werner, 2002] , while others have suggested that vibrationally excited N 2 , as it can enhance the O + recombination rate, may be important in explaining the negative storm effects [e.g., Rishbeth et al., 1987; Pavlov, 1998 ].
[ . The results not only confirm the notion that compositional changes are the major cause of the negative ionospheric storm effects but also show a good agreement in a large two-dimensional scale for the first time. The good coincidence of the [O/N 2 ] decreases and the negative TEC perturbations strongly suggests the dominant role that the compositional change plays in the middle/low-latitude ionospheric storm effects.
Low-Latitude Long-Lived Positive Storms
[24] The low variability of [O/N 2 ] in the low-latitude and equatorial zone, flanked by the negative storms, is somewhat unexpected. Long-duration positive enhancements of oxygen dayglow in the winter hemisphere have been reported . Using the MSISE-90 semiempirical model [Hedin, 1991] , Field and Rishbeth [1997] and Drob et al. [1999] Figure 4 . The reason for the difference between our results and previous ones is not clear. The DE-1 observations are actually based on oxygen dayglow in conjunction with first principles modeling . Lack of direct N 2 measurements may account for the difference or it may be that the models, empirical and physical, do not faithfully represent the storm effects. The discrepancy presented by our observations does not appear to have a simple explanation. For the present we simply point out that variation of composition at low latitudes during storms is an area that is not yet understood, and its resolution presents an opportunity to revise our predictive knowledge of storm-time ionospheric dynamics.
[25] In spite of a few localized positive TEC perturbations at low latitudes that have no correspondence in [O/N 2 ], most of the TEC tracked very well with [O/N 2 ] during the two storms. The consistency between the [O/N 2 ] and TEC strongly suggests that neutral composition is also a dominant factor that determines the ionospheric plasma concentration at low latitudes.
Transport of Composition Perturbations
[26] The fast development of negative [O/N 2 ] perturbations near local noon at the onset of the first magnetic storm (Figure 4b ) has an important implication for the transport of composition perturbations. It is generally believed that compositional perturbations are transported first from the auroral latitudes to middle/low latitudes by neutral winds and then from nightside to dayside by corotation. However, this view has not been verified directly. If the so-called corotation hypothesis [Prölss, 1993] is correct, it would have taken a much longer time for the negative storm to appear at noon in our case. The Polar UVI fortuitously captured the depression of the Northern Hemispheric dayglow associated during the initial phase of the first geomagnetic storm. Figure 5 shows latitudinal profiles of the O I 1356 Å to N 2 LBH emission ratio at 1000 SLT plotted against UT. The limited latitudinal width of the emission ratio is a result of the small field of view of the UVI. The SSC occurred at 1107 UT and the main phase onset occurred at $1237 UT; however, the depressed emission ratio started expanding equatorward within an hour after the storm main phase onset. The fast equatorward expansion of the compositionally perturbed region immediately caused a negative ionospheric storm, as shown in Figure 4e .
[27] The spatial and temporal distribution of the composition disturbance can be either a local effect or a transport effect. Because particle precipitation and Joule heating in the auroral zone can reduce the mean molecular mass density locally, the fast equatorward expansion of the composition disturbance may have been caused by the equatorward motion of the auroral oval in response to the enhanced solar wind-magnetospheric coupling during the storm main phase.
[28] To test whether high-latitude energy deposition expanded equatorward at this time, we use data from the Iridium constellation magnetometers [Anderson et al., 2002; Waters et al., 2001] . The Iridium system provides global coverage of the Birkeland currents. Since the Birkeland currents drive Joule heating and the upward currents are generally coincident with intense discrete auroral electron precipitation, the region of Birkeland currents provides a good measure of the extent of high-latitude thermospheric energy input. Figure 6 shows statistical measures of the Birkeland current intensities and latitudes for 17 April. These are a subset of the parameters described by Anderson et al. [2002] and the reader is referred to that paper for complete descriptions.
[29] The upper part of Figure 6 shows the net DB, which is the Birkeland current analog of the familiar AE index. Briefly, it is sum of the maximum eastward and westward magnetic perturbations caused by the Birkeland currents and is proportional to the maximum Birkeland current intensity. (A DB = 1000 nT corresponds to an intensity of $0.4 A/m). The bottom part shows the magnetic latitude (MLAT) of the average maximum magnetic perturbation, nominally the boundary between the Region 1 and Region 2 currents (solid symbols) and the equatorward limit of the Region 2 perturbations (open symbols). The Birkeland currents expand equatorward from 0900 to 0930 UT by about 6 degrees and remain fairly stationary until 1230 UT, when they expand another 4 or 5 degrees. The currents gradually intensify from 0900 to 1100 UT, with DB increasing from about 500 nT to over 1000 nT. The subsequent equatorward expansion is accompanied by an increase in DB to over 1300 nT and then a decrease to 900 nT at about 1300 UT followed by a more sustained enhancement to over 1200 nT from 1400 to 1600 UT. The equatorwardmost extent of the Region 2 currents is about 60°MLAT or 50°g eographic latitude on average (open circles in Figure 5 ). (Figure 7 ) and 1500 to 1600 UT (Figure 8 ) together with the vector spherical harmonic fit reconstruction of the perturbation pattern [Waters et al., 2001] . The Polar UVI [O/N 2 ] observations come from 1000 SLT corresponding to middle to late morning MLT. The Iridium perturbation distributions show a well organized system typical of a strong Region 1/Region 2 set of currents and twin cell ionospheric convection. In both cases the minimum latitude of the Birkeland currents in the midmorning sector indicated by these data is actually poleward of 60 deg MLAT. These data show that the equatorward motion of the [O/N 2 ] diminution is not a result of a corresponding motion of the high-latitude energy input and therefore must be a transport effect.
[31] Note that the atmospheric heating started at $0900 UT, 2 hours prior to the main phase onset. During this initial phase of the disturbance only composition measurements for the Southern Hemisphere are available from $1030 to $1200 UT. The enhanced atmospheric heating only caused the southern hemispheric disturbance to expand slightly equatorward as indicated in Figure 5 . In fact, the modest equatorward expansion is consistent with the first equatorward expansion of the Birkeland currents mentioned above. The day-to-night and especially the summer-towinter neutral winds may have prevented the compositional disturbance in the Southern Hemisphere from expanding equatorward. This speculation may be justified by the fact that the negative ionospheric storm effect in the Southern Hemisphere did not appear at the same time as that in the Northern Hemisphere but 12 hours later (not shown). This north-south asymmetry in the development of negative ionospheric storm effects is a study in progress, and the result will be reported in the near future.
[32] Considering the implications for transport, the expansion of the [O/N 2 ] depression in Figure 5 would imply an equatorward wind of $600 m/s. This is larger than the typical speed of the background hemispheric neutral winds (less than $100 m/s). While an equatorward neutral wind surge of more than 500 m/s has been reported at Millstone Hill, the surge peaks in the postmidnight sector and is greatly reduced or even becomes poleward in the noon sector [Buonsanto et al., 1990] . To explain our result with the wind effect, one would have to assume that intense Joule heating occurred in the daytime sector so that the resulting thermal wind surge prevails over the day-to-night diurnal wind. We note that the Birkeland currents are substantially enhanced by a factor of 2 to 3 over their prestorm intensities, corresponding to a factor of roughly 5 to 10 increase in Joule heating during the storm main phase relative to earlier in the day. The observed development of the [O/N 2 ] feature indicates that the thermospheric heating and resulting circulation need to be critically examined to quantify the actual Joule heating enhancement and test whether it is sufficient to overwhelm the prevailing winds.
IMF B y Effects
[33] Changes in the large-scale composition at subauroral and middle latitudes have been associated also with the polarity of the IMF B y component [Immel et al., 1997] . Using a few O I FUV dayglow images acquired by DE-1 in the Northern Hemisphere Immel et al. [1997] demonstrated that a positive (negative) IMF B y component favors the appearance of strong O I dayglow decreasing in the prenoon (positive) sector and proposed that the IMF B y orientation can be effective in transporting compositional disturbances out of the heated auroral zone. The concept is based on the observational fact that the y-component of IMF influences the convection of plasma in both dayside [e.g., Heppner and Maynard, 1987] and nightside [Ruohoniemi and Greenwald, 1995] high-latitude ionosphere and therefore the neutral wind circulation [McCormac et al., 1985; Thayer et al., 1987; Killeen et al., 1995] , presumably through ion drag forcing. However, it is not clear how the IMF B y -associated change of high-latitude ionospheric plasma/thermospheric neutral circulation leads to the large dawn-dusk asymmetry in the midlatitude compositional disturbances. In addition the lack of events studied has also cast doubt on the IMF B y effect. The present study may provide a quick test of this effect.
[34] During the period studied, there were two Polar dayside passes coincident with the passage of the two magnetic clouds. As expected, the associated IMF B y was large and stable and suitable for the test. The first pass occurred around the beginning of 19 April. The IMF B y component was $À10 nT for more than 10 hours (see Figure 1c) . The second pass occurred around 1200 UT on 20 April. The IMF B y component was $5 nT for a few hours. Because of the limited local time coverage of the UVI, the TEC data will be used to assist in determining the extent of compositional disturbances both in latitude and longitude. The latitudinal extent should be measured from the auroral oval, where neutral atmospheric heating takes place, or simply from the magnetic equator as the oval can be approximated by a circle in geomagnetic coordinates [ Holzworth and Meng, 1975] . Here we will adopt the latter approach for the reason of simplicity.
[35] According to the report of Immel et al. [1997] , one would expect that the compositional disturbances would appear preferentially in the postnoon (prenoon) sector for the first (second) pass in the Northern Hemisphere and in an opposite sense in the Southern Hemisphere. Because the image data were available only in the northern prenoon sector, we will rely on the TEC data for the Northern Hemisphere. For the first pass (Figure 4j ), the equatorward edge of the disturbances in both hemispheres appeared to follow the same magnetic latitudes. For the second pass (Figure 4l ), the disturbances seemed to penetrate much deeper in latitudes in the afternoon than in the morning sector, while a similar penetration occurred in the Southern Hemisphere. Therefore none of the predictions of Immel et al. [1997] were clearly demonstrated in our surveyed data. While this simple test shows a negative result, we cannot totally discount the IMF B y effect on the transport of the compositional disturbances either because both plasma and neutral circulations show a clear IMF B y dependence. Whether it is effective enough to significantly change the large-scale compositional disturbances at middle latitudes should be reconsidered and fully investigated. started at high latitudes at the storm onset and expanded toward lower latitudes during the development of storms and (2) neutral compositional changes are a major contributor to the negative ionospheric storms. The observations also show, however, no clear evidence of positive storms as predicted by current state-of-the-art general circulation models and empirical MSIS models. Although we cannot test the ''corotation'' hypothesis because of the limitation of UVI, our results do strongly suggest a direct penetration of the reduced [O/N 2 ] to middle latitudes, probably associated with enhanced equatorward neutral winds caused by anomalous Joule heating.
Conclusions
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